Background: Nucleotide pyrophosphatase/phosphodiesterases (NPPs) metabolize extracellular purinergic signals. Results: NPP4 and NPP1 exhibit nearly identical active site geometry but distinct substrate specificity. Conclusion: A tripartite lysine claw in NPP1 stabilizes ATP in the catalytic pocket. NPP4 lacks this motif and is unable to hydrolyze ATP effectively. Significance: Understanding NPP4 and NPP1 catalysis enables insight into the pathogenesis of stroke and ectopic bone mineralization. . 4 The abbreviations used are: NPP, nucleotide pyrophosphatase/phosphodiesterase; Ap3A, diadenosine triphosphate; PDB, Protein Data Bank; r.m.s.d., root mean square deviation; pNP-TMP, p-nitrophenyl 5Ј-thymidine monophosphate; AP, alkaline phosphatase.
NPP4 is a type I extracellular membrane protein on brain vascular endothelium inducing platelet aggregation via the hydrolysis of Ap3A, whereas NPP1 is a type II extracellular membrane protein principally present on the surface of chondrocytes that regulates tissue mineralization. To understand the metabolism of purinergic signals resulting in the physiologic activities of the two enzymes, we report the high resolution crystal structure of human NPP4 and explore the molecular basis of its substrate specificity with NPP1. Both enzymes cleave Ap3A, but only NPP1 can hydrolyze ATP. Comparative structural analysis reveals a tripartite lysine claw in NPP1 that stabilizes the terminal phosphate of ATP, whereas the corresponding region of NPP4 contains features that hinder this binding orientation, thereby inhibiting ATP hydrolysis. Furthermore, we show that NPP1 is unable to induce platelet aggregation at physiologic concentrations reported in human blood, but it could stimulate platelet aggregation if localized at low nanomolar concentrations on vascular endothelium. The combined studies expand our understanding of NPP1 and NPP4 substrate specificity and range and provide a rational mechanism by which polymorphisms in NPP1 confer stroke resistance.
Extracellular nucleotides engage in paracrine and autocrine cell signaling by binding purinergic receptors on cell surfaces, resulting in a wide range of physiologic responses, including platelet aggregation (1) , bone development and remodeling (2) , and endocrinopathies such as diabetes and obesity (3, 4) . Purinergic P2X receptors present on cell surfaces are ion channels that bind mainly ATP, whereas P2Y receptors are cell surface G-protein-coupled receptors that interact with a broader range of nucleotides. The concentration of extracellular purine substrates driving purinergic signaling is determined by the release of ectonucleotides via degranulation or cell lysis, the rate of ectonucleotide synthesis, and the catabolism of ectonucleotides by ectoenzymes.
The ectonucleotide pyrophosphatase/phosphodiesterase (NPP) 4 enzymatic family is comprised of extracellular phosphodiesterases, some of which are involved in ectonucleotide catabolism. In humans, the NPP family consists of seven extracellular glycosylated zinc-dependent bimetallo-enzymes that hydrolyze phosphodiester bonds in a variety of substrates, ranging from nucleotides (NPP1 (5), NPP3 (6) , and NPP4 (7) ) to lipids (NPP2 (8 -10), NPP6 (11) , and NPP7 (12) ). The NPP family is implicated in a variety of pathologic and physiologic processes, including tumor invasion and metastasis (13) (14) (15) (16) , inflammation (17) , lung fibrosis (18) and angiogenesis (NPP2) (19, 20) , tissue calcification and bone development (NPP1) (2, (21) (22) (23) , and hemostasis and platelet aggregation (NPP4) (7) . Despite significant catalytic domain sequence homology, the substrate specificity of NPP enzymes varies widely, and details of the molecular determinants of nucleotide substrate specificity remain unclear (24) . Here, we focus on NPP4 and NPP1, which target nucleotide-containing substrates.
Platelet aggregation is induced via interaction of extracellular ADP with platelet P2Y 1 and P2Y 12 purinergic receptors, resulting in rapid calcium influx followed by further platelet activation, degranulation, and irreversible shape change to extend the growing thrombus (1, 26) . Metabolism of extracellular ADP by membrane-bound CD39 on vascular endothelial cells (27) (28) (29) (30) and soluble phosphohydrolases in the platelet microenvironment (31) (32) (33) rapidly degrades ADP into AMP and P i , limiting the extension of the aggregatory burst of ADP to platelets in the immediate vicinity of the activated, degranulating platelets. AMP is further metabolized by membrane-bound CD73 into adenosine (34, 35) , a potent antithrombotic signaling molecule that modulates vascular tone, decreases leukocyte adhesion, and limits thrombus formation (35) . The release of platelet dense core granules disgorges high concentrations of ADP into the thrombotic microenvironment, further stimulating platelet aggregation.
Platelet dense core granules also contain high concentrations of the dinucleotide Ap3A, which can reach local concentrations of over 100 M upon platelet degranulation (36 -39) . The role of Ap3A in hemostasis has never been fully defined, but Ap3A has long been thought to represent more stable "chemically masked" ADP that could be released into the thrombotic microenvironment to sustain platelet aggregation (40) . Ap3A hydrolytic activity has been identified on the vascular surfaces of both bovine (41) and porcine (42) endothelial cells, and we recently proposed NPP4 as the enzyme responsible for Ap3A hydrolysis to ADP by demonstrating the enzyme to be abundantly present on the surface of human brain vascular endothelium and by showing that nanomolar concentrations of NPP4 promote irreversible platelet aggregation in the presence of physiologic concentrations of Ap3A (7) . Our studies suggest that NPP4 promotes hemostasis by providing a sustained source of ADP to a developing thrombus being steadily depleted of ADP by CD39 and soluble phosphohydrolases. NPP1 (also known as PC-1) is a type II extracellular membrane-bound glycoprotein located on the mineral-depositing matrix vesicles of osteoblasts and chondrocytes. NPP1 catabolizes extracellular ATP into AMP and PP i (2, 43) . PP i functions as a potent inhibitor of ectopic tissue mineralization by binding to nascent hydroxyapatite (HA) crystals, thereby preventing the future growth of these crystals (2, 44) , but increased PP i concentrations have been shown to promote calcification under certain circumstances (45) . Importantly, point mutations that decrease the enzymatic activity of NPP1 are associated with several human diseases of tissue mineralization, including idiopathic infantile arterial calcification (22) and hypophosphatemic rickets (46) , and mouse models of impaired NPP1 function (either knock-outs or knock-ins, including so-called tip toe walking (ttw) mice) result in phenotypes that mimic many of the above human diseases (21, 23, 47, 48) , including osteoarthritis, exuberant calcification of the posterior spine as seen in ossification of the posterior longitudinal ligament, and calcification of arterial vessels and heart as seen in idiopathic infantile arterial calcification. Recently, polymorphisms in NPP1 have been identified that confer stroke protection in pediatric patients with sickle cell anemia (49) .
Both hemostasis and bone development are essential finely balanced physiologic processes that are regulated by the extracellular metabolism of purinergic signals. To better understand the role and atomic details of purinergic signal metabolism by NPP1 and NPP4, we determined the high resolution structure of NPP4, the first human NPP to be solved, and undertook a structural and enzymatic characterization of NPP4 versus NPP1. In addition, we directly measured the effect of NPP1 on platelet aggregation in the presence of physiologic levels of Ap3A. We discovered that despite the high degree of sequence identity and homology and shared structural features that allow for the targeting of a mostly similar set of nucleotide-containing substrates, these two enzymes also possess key structural differences that account for the distinct substrate specificities central to their biologic functions. Our studies describe the molecular basis of substrate discrimination by NPP4 and NPP1, provide insight into their physiologic roles governing bone mineralization and platelet aggregation, and provide an apparent mechanism by which NPP1 polymorphisms associated with stroke protection may act.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-Human NPP4 is a type I transmembrane protein, and soluble enzyme was obtained via C-terminal truncation to eliminate the cytoplasmic and transmembrane domains ( Fig. 1 ), as described previously (7) . Human NPP1 (NCBI accession NP_006199) was modified to expresses soluble, recombinant protein by replacing its transmembrane region (residues 77-98) with the corresponding subdomain of human NPP2 (NCBI accession NP_001124335, residues 12-30) to allow proteolytic processing of NPP1 on the cell surface as a pre-proprotein, as suggested by Jansen et al. (50) . The modified NPP1 sequence was cloned into an identical vector as NPP4, and both proteins were expressed using a baculovirus system in insect cells, yielding an accumulation of soluble, recombinant protein secreted into the extracellular fluid, as described previously (7, 51) . The C-terminal His tag on these protein constructs allowed for purification via a nickel-nitrilotriacetic acid column. Subsequent tobacco etch virus protease removal of the His tag followed by another nickel-nitrilotriacetic acid column yielded pure protein.
Crystallization, Data Collection and Processing, and Structure Determination-NPP4 was exchanged into 50 mM Tris, pH 8.0, 150 mM NaCl, 0.8 mM ZnCl 2 , 0.4 mM CaCl 2 , 0.4 mM MgCl 2 , and protein concentrations were calculated using A 280 . The best diffracting crystals were obtained via hanging drop method by mixing 6 mg/ml (0.14 mM) of NPP4 with well solution (200 mM ammonium citrate dibasic, 17.5-19.5% (w/v) PEG 3350) in a 1:1 ratio and suspending 2 l drops over 600 l of the well solution in a sealed chamber. Protein crystals typically appeared within 4 -6 days and continued to grow slowly for the next week, reaching final dimensions of up to 500 ϫ 150 ϫ 50 m. Cryoprotection was achieved by quickly passing the crystals through a series of mixtures consisting of the above well solution with 0.6 mM ZnCl 2 , 5 mM ligand (if present), and 5% (v/v) increments of glycerol up to a final concentration of 20 -25% and then immediately flash-freezing in liquid nitrogen. Apo-crystals of NPP4 were difficult to obtain, hampering efforts to obtain structures of NPP4 with ligands via soaking. Cocrystallization with ATP or a cleavable ATP analog (Sigma M7510) resulted in an AMP product complex, reflecting slow hydrolysis during crystallization. Cocrystallization attempts with a noncleavable ATP analog (Sigma M6517) showed no visible binding.
Synchrotron diffraction data reported herein were collected at APS (Argonne National Laboratory, Advanced Photon Source, NE-CAT beamlines ID-24-C and ID-24-E) and at CHESS (Cornell High Energy Synchrotron Source, beamline A1). HKL2000 was used for indexing and reduction of the NPP4-AMP diffraction data (52) . Initial phases were obtained via molecular replacement using PHENIX AutoMR (53) and AutoBuild (54) with a search model consisting of the proteinonly portion of the Xanthomonas axonopodis NPP (PDB code 2GSU) (55) . COOT (56) was employed for model building, and the high quality of initial electron density maps allowed for unambiguous correction of areas of the structure that were originally problematic or out of sequence. PHENIX was used for iterative rounds of maximum likelihood refinement during which ligand, waters, and several glycosylations were built in (57) . Apo-NPP4 was solved as above, but using the protein-only portion of the NPP4-AMP complex as the starting point. Unbiased electron density maps in which the local atoms were excluded from map calculations (omit maps) were used to systematically check each entire structure. Atomic positions for all residues 24 -402 were determined. Flanking residues at the termini remain disordered. Statistics for diffraction data and the final structures are given in Table 1 . The structures of human NPP4-AMP at 1.54 Å resolution (PDB code 4LQY) and apo-NPP4 at 1.50 Å resolution (PDB code 4LR2) have been deposited in the Protein Data Bank.
Molecular Modeling of NPP1-ATP Complex -Mouse NPP1 (PDB code 4B56) was loaded in Molecular Operating Environment (Chemical Computing Group Inc., Montreal, Canada), and the A-chain was deleted and B chain retained with residues Lys-169 -Glu-905. Asparagine-linked glycosylation sites were clipped and capped with methyl groups. Waters were deleted and atom types fixed and protonated with Protonate 3D. Zinc ions were restrained with respect to their ligand distance and geometry. The metal charge was modeled at ϩ1. ATP was manually positioned by placing the adenine nucleus between the cleft formed from phenylalanine 239 and tyrosine 322 with the phosphate portion in an extended conformation along the large channel moving up the protein. The protein was tethered at a distance of 4.5 Å from the ligand, and minimization was performed on the entire system using AMBER12 with Extended Huckel Treatment of the ligand (AMBER12:EHT).
Molecular Modeling of NPP4-ATP Complex-NPP4 was modeled in a manner similar to NPP1, including glycosyl stripping and capping and placement of ATP. The corresponding residues in NPP4 for placement of the adenine are phenylalanine 71 and tyrosine 154. Protein protonation, tethering, and minimization were performed in an analogous fashion, using the AMBER12:EHT forcefield treatment.
Enzymology-The steady state enzymatic activity of human NPP1 and NPP4 was determined by either absorbance (Ap3A substrate) or HPLC (ATP substrate) as reported previously (7) . The affinities of NMP for NPP4 were estimated from the [NMP] dependence of steady state pNP-TMP cleavage rates as monitored by the absorbance change at 405 nm (51) . The [NPP4] was 5 nM, and the [pNP-TMP] was 20 mM. The IC 50 value (i.e. nucleotide concentration exhibiting half-maximal activity) was determined from the best fit of the nucleotide concentration-dependent NPP4 cleavage activity to a rectangular hyperbola. The IC 50 reflects the weighted average affinity for mixed inhibition (51) .
Preparation of Human Platelets and Platelet Aggregometry-Preparation of platelets and platelet aggregometry were performed as described previously (7) .
RESULTS
Substrate Discrimination of NPP4 Versus NPP1-To determine the extent of substrate discrimination exhibited by highly homologous NPP family members, we measured the steady state enzymatic rate of human NPP4 and NPP1 for their putative in vivo substrates, Ap3A and ATP, respectively ( Fig. 2 ). Human NPP4 shares 40% sequence identity with NPP1 throughout the catalytic domain, and the structure of mouse NPP1 has been recently determined (5, 58) providing the opportunity to identify the structural origins of substrate discrimination at the atomic level. Human and mouse NPP1 are 79% identical, with sequence mapping of the human sequence onto the mouse NPP1 structure showing that all sequence differences are outside the substrate-binding and active sites. Human NPP4 and NPP1 hydrolyze Ap3A with comparable maximum turnover numbers (k cat ϳ7-8 s Ϫ1 ), although the Michaelis constant of NPP1 is Ͼ30 times tighter than that of NPP4. In contrast, the rate at which NPP4 hydrolyzes ATP to AMP and PP i is negligible compared with hydrolysis by NPP1.
Structural Overview-To understand the molecular basis of NPP4 substrate specificity and to achieve detailed insights regarding its similarities and differences relative to NPP1, we utilized x-ray crystallography to determine the high resolution three-dimensional structures of human NPP4 in both apo-and AMP-bound forms, at 1.50 and 1.54 Å resolution, respectively ( Table 1 and Fig. 3A ). These were then compared with recently determined structures of mouse NPP1 complexes, including mNPP1-AMP at 2.70 Å resolution, to define structural features responsible for the observed substrate specificities of each. The bimetallo catalytic domains of NPP4 and NPP1 contain two bound zinc ions and share a similar overall fold and employ a conserved catalytic mechanism (see below) to hydrolyze at the same position on substrates, resulting in a nucleotide monophosphate product. Hydrolysis of Ap3A or ATP by either of these enzymes yields an AMP product molecule. Accordingly, hNPP4-AMP and mNPP1-AMP structures are product com-plexes. Superposition of the entire catalytic domain of NPP4 with that of NPP1, NPP2, and the bacterial NPP yields r.m.s.d. values of 1.54, 1.43, and 1.43 Å, respectively (Fig. 3B ). The highest resolution view of a nucleotide-binding NPP prior to this FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3297 NPP4 structure was a bacterial NPP-AMP complex from X. axonopodis at 2.0 Å resolution (55), and the structural features observed in NPP4 that favor nucleotide binding are largely conserved in the bacterial enzyme.
NPP4 and NPP1 Purinergic Signal Metabolism
NPP4 is a monomeric enzyme with a binding pocket that remains essentially unchanged in the presence or absence of bound product (Fig. 3C ). Disulfide bonds link residues 254 -287 and 394 -401, and three N-linked glycosylations were observed at asparagine residues 155, 166, and 386 (data not shown). Because of location, these glycosylations are not likely to significantly impact enzymatic activity. This is the first human NPP structure to be determined and shares an overall common fold with the catalytic domains of all other structurally determined NPPs (Fig. 3B) .
Substrate Recognition and Active Site Geometry-NPP4 targets phosphodiester substrates with a 5Ј-nucleotide group on the end, displaying the greatest preference for adenine rings. This specificity for nucleotide-containing substrates is the result of a pre-formed hydrophobic slot on the protein surface, ϳ6.8 Å wide, consisting of the ring face of Tyr-154 on one side and the tip of Phe-71 on the other side ( Fig. 4, A and B) . A nucleotide base bound within experiences favorablestacking interactions with the tyrosine ring and van der Waals interactions with the phenylalanine, sitting about 3.4 Å from each.
The back wall of the slot lies just beyond the reach of the nucleotide base, precluding any direct hydrogen bonding interactions with the protein, and only a couple of water-mediated hydrogen bonds were observed between the edge of the AMP ring and NPP4. Although such a slot might be expected to favor purines over pyrimidines by virtue of their greater size, this pattern does not strictly hold. We find that the relative affinities of nucleotide monophosphates for NPP4, as determined by TMP-pNP substrate inhibition, are as follows: AMP Ͼ CMP Ͼ UMP Ͼ GMP ( Fig. 2E) . Corresponding measurements reported for NPP1, another family member with a similar nucleotide slot, reveal the following: AMP Ͼ CMP Ͼ GMP Ͼ UMP (5). Our model building reveals that the guanine ring N2 atom of a similarly bound GMP would experience some steric clash with NPP4 at residues 104 and 105, which slightly overhang the nucleotide slot. Upon inspection of the NPP1-GMP cocrystal structure, we discovered a similar steric clash forcing the guanine ring to rotate slightly.
Immediately adjacent to the hydrophobic slot are two bound zinc ions, hereafter referred to as Zn1 and Zn2 (Fig. 4B ), held ϳ4.5 Å apart via interactions with six invariant residues found in all NPPs and alkaline phosphatases (APs). Both zinc ions display tetrahedral coordinate geometry. Zn1 is ligated by Asp-189, His-193, and His-336, with a fourth coordination coming from a phosphate group oxygen atom in the NPP4-AMP complex. Alternatively, in an empty pocket this coordination can be provided by a water molecule. Zn2 is held by Asp-34, Asp-237, and His-238, with a fourth coordination to the O␥ atom of Thr-70, the "catalytic residue" of NPP4. This close association serves to activate Thr-70 for nucleophilic attack on a substrate molecule, as described for APs, presumably by perturbing its pK a value (59) . Thr-70 is located at the N terminus of an ␣-helix pointing directly at the phosphate-binding site near the semiexposed Zn1, such that helix-dipole forces complement the positively charged zinc ions in electrostatically drawing the negatively charged phosphodiester group into the active site. The narrow nucleotide slot and the short spacing between the slot and the zinc ions are primarily responsible for substrate selection, sterically favoring a 5Ј-nucleotide monophosphate group on the end.
By comparison, the other end of the NPP4 binding pocket appears relatively featureless and significantly more solventexposed, consistent with the ability of NPP4 to hydrolyze substrates of varying length and chemical character. No crystal structures of any NPP with intact substrate bound have been reported to date; however, our substrate docking simulations indicate that the NPP4 binding pocket runs along the shallow groove on the protein surface.
NPP4-AMP Versus Apo-NPP4-The apo structure of NPP4 is essentially identical to the AMP-bound structure (Fig. 4C ). Because no changes were observed within the empty hydrophobic slot or at the catalytic residue, the binding site is pre-formed and appears not to undergo induced-fit adjustments upon substrate binding. The apo structure has a citrate anion, from the crystallization conditions, bound at Zn1 in a chelation-like interaction. Asn-91 is the only active site residue that moves notably, pivoting to allow room for the citrate molecule. In the NPP4-AMP complex, Asn-91 donates a hydrogen bond to the 
. c I/I is the average intensity of reflections in thin resolution bins divided by the average standard deviation () of the same group of reflections. d AMP is Ј-adenosine monophosphate. FLC is a citrate anion from the crystallization conditions. e R work ϭ ⌺ʈF obs ͉ Ϫ ͉F calc ʈ/⌺͉F obs ͉. f R free ϭ as for R work , but calculated for 5.0% of the total reflections that were chosen at random and omitted from refinement. phosphate group bound near Zn1. The ability of Asn-91 to pivot may allow it to maintain a hydrogen bonding interaction with the phosphate oxygen through the catalytic intermediates of the reaction or allow flexibility to facilitate the entry or exit of a ligand. NPP4-AMP Versus NPP1-AMP-The overall similarity of how AMP binds within the slot region of NPP4 and NPP1 is shown in Fig. 4D . NPP1 contains conserved residues corresponding to Tyr-154 and Phe-71 of NPP4, and therefore it also targets substrates with a 5Ј-nucleotide end. The phosphate group of AMP binds near Zn1 in both enzymes. Whether the small differences observed in AMP position are real or simply reflect the significantly lower resolution of the NPP1-AMP structure (2.70 Å versus 1.54 Å for NPP4-AMP) is unknown.
Catalytic Mechanism-NPPs are members of the AP superfamily and share many of the key structural features, residues, and architecture at the center of the active site where the catalysis occurs. Gijsbers et al. (60) proposed a general reaction mechanism for NPPs based on active site homology to APs. Fig.  5 depicts that mechanism as it applies to NPP4 hydrolysis of Ap3A, along with the corresponding crystal structures indicated. In NPP4, the relative spacing between the pre-formed hydrophobic slot and the two bound zinc ions dictates that it is the ␣-phosphate group of the substrate that is positioned adja- FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3299 cent to the Zn1 and Thr-70, whose O␥ atom is perpetually activated for nucleophilic attack by its close proximity to Zn2. Upon Ap3A binding, the ␣-phosphate is attacked by Thr-70, causing the ester bond on the opposite side to break, releasing ADP. A water molecule immediately enters the vacant space next to Zn1, becomes activated, and attacks the ␣-phosphate from the opposite direction, causing the transient covalent NPP4-AMP bond to break, releasing AMP and restoring NPP4 to its original state. The release of the two product molecules is sequential, with the nucleotide monophosphate leaving last. As such, NPP4-AMP and NPP1-AMP are product complexes.
Molecular Determinants of Substrate Specificity of NPP4 and NPP1-NPP1 readily cleaves ATP into AMP and PP i , whereas NPP4 does so only exceedingly slowly. Because both enzymes target nucleotide-containing substrates with a preference for adenine rings, and bind AMP in a similar fashion (Fig. 4D) , the key to this deviation must lie elsewhere within the binding pocket. Because NPP1 efficiently hydrolyzes ATP into AMP and PP i , ATP likely binds NPP1 in the same orientation as is observed for AMP. We therefore modeled ATP into the NPP1 active site by adding two phosphate groups to the NPP1-AMP cocrystal coordinates (PDB code 4B56) ( Fig. 6, A, C, and E) and then subjected the complex to energy minimization as described. Superposition of the binding sites of NPP1 with NPP4 reveals good overlap between most side chains within 4.5 Å of this ATP substrate, but with notable differences occurring Proposed reaction mechanism for NPP4 hydrolysis of Ap3A is based on active site homology to APs as originally proposed by Gijsbers et al. (60) . Boxes have been placed around the steps in the mechanism for which crystal structures have been obtained. Oxygen atoms are depicted as white balls.
near the terminal ␥-phosphate. In NPP1, donation of Phe-516 (mouse numbering) to the protein core creates more space for the ␥-phosphate of ATP, which appears to be charge-stabilized by three lysine residues (Lys-237, Lys-260, and Lys-510), which we refer to as a lysine claw. Two of these lysines (Lys-260 and Lys-510) line the upper edge of the binding pocket and remain disordered in the absence of a ␥-phosphate, as is observed in the NPP1-AMP structure (5, 58) . Our simulation shows that as new substrate enters the NPP1-binding site, these lysines should be electrostatically drawn to the ␥-phosphate and become ordered FIGURE 6. Modeling the molecular basis of substrate discrimination of NPP1 and NPP4. Energy-minimized models' of ATP bound in an AMP-like orientation are shown for NPP1 (left column) and NPP4 (right column), based on the AMP cocrystal structures for each enzyme. In NPP1, the ␥-phosphate of ATP is simultaneously stabilized by three lysine residues, two of which line the upper edge of the pocket and become ordered only when substrate is present due to electrostatics. As a result of this tri-partite lysine claw, the ␥-phosphate of bound ATP is favorably charge-stabilized and largely shielded from solvent by an induced-fit lid comprised of the long hydrophobic side chains of these two lysines along with an adjacent tyrosine ring. In contrast, NPP4 offers a significantly less favorable ␥-phosphate environment for a similarly bound ATP, with less charge stabilization, a more open architecture with no lid mechanism, and two nearby aspartate residues for charge repulsion. As a result, ATP is not likely to bind in this orientation to NPP4 very often. A and B, stick figures of ATP bound, as modeled from AMP cocrystal structures. C and D, same, but as a molecular surface with tips of nearby charged side chains colored blue (positive) and red (negative). E and F, rotated about 90°. Sequence alignments show that human NPP1 retains all of the features derived from the mouse NPP1 structure. FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 in the process. The ␥-phosphate of bound ATP appears to lie under an induced-fit lid comprised of Tyr-433, Lys-260, and Lys-510, where it should be charge-stabilized by three lysines (Fig. 6A ). Upon PP i product release, Lys-260 and Lys-510 should again become disordered until new substrate is drawn to the site.
In a likewise manner, ATP was modeled into the NPP4 active site by adding two phosphates onto the NPP4-AMP structure, after which the complex was energy-minimized. In contrast to NPP1, the region of NPP4 near the ␥-phosphate is much more open and solvent-exposed, contains additional negatively charged residues and fewer positively charged ones, and has no ability to form a lysine claw or lid (Fig. 6, B, D, and F) . The ␥-phosphate of ATP bound in this orientation would sit next to the negatively charged Asp-335, which corresponds to Phe-516 of NPP1, but now points directly into the binding pocket. Asp-264 (corresponding to Val-432, mouse NPP1) is also nearby. Overall, the local electrostatic environment of this region of the NPP4 binding pocket is significantly less favorable than in NPP1.
The ability to charge-stabilize at this position may be more pronounced with ATP than with other substrates, such as Ap3A, because a terminal phosphate group (phosphomonoester) intrinsically carries more negative charge than a nonterminal phosphate group (phosphodiester). As such, the terminal ␥-phosphate of ATP carries more negative charge than the corresponding in-line ␥-phosphate of Ap3A. The highly effective charge stabilization of NPP1 at this position is likely key to its ability to readily hydrolyze ATP, whereas the less favorable local environment found at this same position in NPP4 is detrimental, and hydrolysis occurs only very slowly.
NPP1 and Platelet Aggregation-The hydrolysis of Ap3A by NPP1 raises the question of whether NPP1 may play a role in platelet aggregation under physiologic conditions. Given that the enzyme is active against Ap3A substrate, the relative abundance of NPP1 within the vascular space will determine the role of NPP1 in coagulation. An important observation in this regard is that NPP1 is reported to be present on brain capillary endothelium but not on capillaries elsewhere (61) . In addition, NPP1 is principally present on the membrane surfaces of plasma cells, osteoblasts, chondrocytes, and matrix vesicles shed from osteoblasts and chondrocytes. NPP1 is also reported to be present as a soluble protein within the vasculature at very low concentrations between 10 and 30 ng/ml (or 100 -300 pM) (62) . To determine the concentration of NPP1 capable of inducing platelet aggregation, we titrated increasing concentrations of NPP1 into platelet-rich plasma with physiologic levels of Ap3A. Addition of NPP1 to 80 M Ap3A results in no platelet aggregation until the concentrations of NPP1 reach 1 nM ( Fig.  7) . Although this concentration is ϳ3-fold greater than the highest reported plasma concentrations of NPP1, this concentration is below the threshold required for NPP4 to trigger platelet aggregation ( Fig. 7) and is well within the concentration range of membrane-bound endothelial proteins. We therefore surmise that plasma concentrations of NPP1 are unlikely to induce primary platelet-mediated hemostasis in vivo but that epithelium-bound NPP1 at anatomic locations, where local concentrations exceed 1 nM, are likely to induce significant platelet aggregation and thrombus formation.
DISCUSSION
Our high resolution structural determination of human NPP4 allowed for detailed comparative structure-function studies with NPP1. These membrane-bound cell surface enzymes are involved in the metabolism of extracellular purinergic signals as well as nucleotide re-uptake. Both ectoenzymes possess a narrow hydrophobic slot adjacent to two bound zinc ions, which accounts for the targeting of nucleotide-containing substrates, where the nucleotide base binds within the slot and hydrolysis yields the nucleotide monophosphate as one of the products. Adenine is the most preferred base type for both enzymes, and cocrystal structures of each with a product AMP molecule bound highlight their functional similarity in that region of the binding site. We demonstrate that In the presence of 20 nM NPP4 and higher, there is marked secondary platelet aggregation. The findings support the notion that either protein may directly stimulate platelet aggregation at low nanomolar concentrations in the presence of physiologic concentrations of Ap3A.
both enzymes are able to hydrolyze Ap3A but exhibit surprisingly different responses to ATP.
For all of their similarities, NPP4 and NPP1 differ drastically in their response to ATP. NPP1 readily hydrolyzes ATP to AMP and PP i , the latter of which is a potent inhibitor of extra-osseous mineralization, and mutants of NPP1 have been linked to a variety of diseases involving bone or soft tissue calcification outlined earlier. To yield the observed products, ATP should bind NPP1 in the same orientation seen in the NPP1-AMP cocrystal structure. In stark contrast, NPP4 cleaves ATP only exceedingly slowly, even though it binds AMP in a manner very similar to NPP1. Superposition of the two enzymes reveals key structural differences in the area of the terminal phosphate of ATP, if bound like AMP. Our energy-minimized simulations of ATP complexes reveal that NPP1 provides a favorable environment for the ␥-phosphate of ATP via the presence of a tripartite lysine claw that provides induced-fit charge stabilization. In the absence of substrate, two lysines lining the upper ridge of the binding pocket (Lys-260 and Lys-510, mouse numbering) are mobile, as is demonstrated in the NPP1-AMP product complex (PDB code 4GTW) where they are disordered or in the NPP1-vanadate complex (PDB code 4B56) where they exhibit high B-factors and extend into the solvent. Upon ATP substrate binding, the highly negative ␥-phosphate should electrostatically attract these lysines, which along with the stationary Lys-237 on the floor of the binding pocket should serve to effectively envelop the terminal phosphate in positive charge. This may also promote the hydrolysis via product stabilization, because PP i is even more negatively charged. The role these lysine residues play in NPP1 hydrolysis of ATP had not been previously appreciated and came to light during our detailed structural comparisons with NPP4.
Superposition of the corresponding region of NPP4 shows it to be notably less favorable for a similarly bound ATP, with a local architecture that is more open, contains fewer positively charged residues, and introduces negatively charged residues such as Asp-335, which likely projects into the active site in close proximity to the ␥-phosphate of ATP. Cocrystallization attempts with a noncleavable ATP analog revealed no visible binding, consistent with our observation that NPP4 provides an unfavorable environment in the region of the ␥-phosphate. Similarly, cocrystallization attempts with ATP or a cleavable ATP analog yield an AMP complex over the several days it takes for crystals to grow, indicating that although ATP binding is weak, it occasionally comes into close enough proximity to be hydrolyzed. The AMP product molecule is able to bind under identical conditions, reflecting a stronger affinity. Product inhibition is likely an intrinsic feature of NPP reactions because the phosphate group next to Zn1 gets converted, by definition, from a phosphodiester to a terminal phosphate that carries more negative charge. Our data indicate that NPP4 is unlikely to hydrolyze ATP effectively in vivo, supporting the view that NPP1 is the primary extracellular enzyme metabolizing purinergic signals regulating bone remodeling and extracellular calcification.
In contrast, both NPP4 and NPP1 hydrolyze Ap3A into AMP and ADP, with the Michaelis constant of NPP1 for Ap3A some 30-fold tighter than that of NPP4. This higher affinity is reflected in the lower concentrations of NPP1 required to trigger platelet aggregation in identical concentrations of Ap3A (Fig. 7) . High concentrations of Ap3A stored in the dense granules of circulating platelets are released upon platelet activation. We recently proposed that vascular bound NPPs could contribute to cerebral platelet aggregation by identifying NPP4 on brain vascular endothelium capable of inducing platelet aggregation via the hydrolysis of physiologic concentrations of Ap3A (7) . Ap3A has a significantly longer life span in whole blood than ADP and has long been hypothesized to aid stable thrombus formation by serving as a chemically masked source of ADP.
The ability of NPP1 to readily hydrolyze Ap3A to ADP raises the question of whether NPP1 may play a role in hemostasis. In this study, we demonstrate that NPP1 is capable of Ap3A hydrolysis at low nanomolar concentrations, and either NPP1 or NPP4 at these concentrations promotes irreversible platelet aggregation in human platelet-rich plasma in vitro. Our work implies that either enzyme may contribute significantly to platelet aggregation in vivo if present at low nanomolar concentrations in a pro-thrombotic environment.
Recently, polymorphisms in NPP1 have been identified that confer stroke protection in pediatric patients with sickle cell anemia (49) . Stroke is a devastating complication in pediatric sickle cell patients, with 5-10% of patients experiencing a clinically overt thrombotic stroke during childhood. An unbiased whole genome search for genetic modifiers of stroke risk identified the K173Q mutation in NPP1 to be significantly associated with decreased risk for stroke. Flanagan et al. (49) hypothesize that the protective effects of the NPP1 polymorphism represent a gain of function mutation that increases serum PP i concentrations, thereby inhibiting stroke via an undefined mechanism. This opinion appears posited in part by equating the K173Q mutation with the K121Q mutation associated with type 2 insulin-dependent diabetes mellitus (IDDM-2), which increases serum concentrations of NPP1 from 24 to 28 ng/ml (63, 64) . Our studies suggest an alternative hypothesis, i.e. that polymorphisms in NPP1 protective against stroke represent a loss of function mutation that decreases Ap3A hydrolysis in the thrombotic microenvironment. If NPP1 is indeed present on brain capillaries as reported (61), decreased NPP1 activity would result in decreased ADP concentrations in the cerebral capillary bed, thus providing a direct mechanism to account for decreased platelet aggregation and thrombus formation.
The K173Q mutation in human NPP1 is not in the catalytic domain but rather is found in the somatomedin B-2 domain near the membrane spanning region (Fig. 1 ). Loss of function mutations within the NPP1 catalytic domain are not compatible with human survival beyond the neonatal period, consistent with their absence in the population screened for stroke protection. Although NPP1 K173Q mutations may increase NPP1 serum concentrations similarly to K121Q mutations observed in IDDM-2, we do not find arguments for the NPP1 gain of function based on these serum increases to be compelling, especially when viewed in light of our kinetic and aggregometry data. NPP1 serum concentrations in the K121Q polymorphism (28 pM) are well below those required for NPP1-induced activation of platelet aggregation in vitro, and the Michaelis con-NPP4 and NPP1 Purinergic Signal Metabolism FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 stant of NPP1 for both ATP and Ap3A is nearly 10 6 higher than the 40 pM increase induced by the K121Q polymorphism, suggesting that the increase is unlikely to impact either systemic PP i or ADP concentrations. A possible mechanism for changes attributed to the NPP1 K173Q polymorphism could be increased ectodomain shedding of NPP1 from vascular endothelium, which would account for both increases in serum levels and the loss of NPP1 activity on vascular endothelium now denuded of the protein. In summation, although the means by which a K173Q mutation impairs NPP1 catalytic activity remain obscure, our findings support the notion that NPP1 polymorphisms protective against stroke are more likely to represent loss of function mutations that decrease Ap3A hydrolysis on the endothelial surface of cerebral capillary beds than gain of function mutations that increase PP i concentrations.
In this study, we present the molecular determinants of substrate specificity for NPP4 and NPP1 in extracellular nucleotide metabolism, and we demonstrate that NPP1 has significant Ap3A hydrolytic activity capable of inducing platelet aggregation at low nanomolar concentrations. Our findings provide a molecular foundation for understanding the enzymatic and physiologic roles of the enzymes and their contribution to disorders of ectopic bone mineralization and thrombosis. These studies may be helpful to those seeking to design small molecule modulators of purigenic signals involved in thrombotic disorders and bone mineralization.
